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Abstract  -  /■<  *  '  ' 

^Thls  paper  Is  the  second  In  a  series  of  three  that  analyze  a  method  of 
dimensional  reduction.  It  contains  some  results  for  approximation  of  functions 
on  the  interval  [-1,1]  with  elements  from  the  nullspace  of  P  ,  N  ^  1  ,  where 
P  is  a  second  order  ordinary  differential  operator.  A  special  case  of  this  is 
approximation  by  polynomials. 

The  one-dimensional  results  are  used  as  a  tool  to  prove  similar  versions  in 
several  dimensions.  These  multi-dimensional  results  are  directly  related  to  the 
approximate  method  of  dimensional  reduction  that  was  introduced  in  [13],  and  they 
lead  to  statements  about  the  convergence  properties  of  this  approach. 

The  third  paper,  which  analyzes  the  adaptive  aspects  of  the  method,  is 


forthcoming. 


1. 


Introduct ion 


In  a  recent  paper,  [13],  we  Introduced  the  concept  of  dimensionally  reduced 
solutions  to  an  elliptic  boundary  value  problem.  These  are  obtained  by  projecting 
(in  the  energy)  the  true  solution  of  the  boundary  value  problem  in  the  n+l-dlmen- 
slonal  domain  lu  x  [-h,h]  onto  spaces  of  the  form 

h 

V  =  {  w  (x)!!*.  (y/h)lw,  arbitrary}  , 
j=0  ^  ^  J 

00 

where  ^  given  set  of  functions  on  [-1,1],  (jc  are  coordinates  on  ca 

and  y  ranges  over  [-h,h]).  For  some  basic  ideas  behind  this  concept,  see  the 
introduction  to  [13].  In  that  paper  the  focus  was  on  the  right  selection  of  the 
(^j's.  It  was  shown  there  that  for  a  very  wide  class  of  problems  the  'i’j'®  should 
be  selected  such  that 


span{<t)j}j^Q^  *  N(P^)  , 

where  P  is  a  second  order  differential  operator  Intrinsic  to  the  elliptic  boundary 
value  problem. 

The  estimates  of  the  error  given  in  [13]  were  asymptotic  in  h  -►  0  .  The  present 
paper,  which  was  already  announced  there,  treats  convergence  as  N  -►  «  for  a  fixed 
value  of  h  .  For  convenience  the  fixed  value  of  h  is  set  equal  to  1. 

If  the  bilinear  form  associated  with  the  elliptic  boundary  value  problem 
satisfies  some  kind  of  "inf-sup"  condition,  then  it  is  well  known  that  the  rate 
of  convergence  is  the  same  as  the  rate  of  approximation  (cf.[l]). 

The  results  proven  here  are  hence  formulated  as  approximation-theoretic 
estimates,  and  as  such  have  Interest  regardless  of  the  concept  of  dimensionally 


reduced  solutions. 


2  1 

The  results  are  all  concerning  approximation  in  the  L  -  and  H  -norms, 

i.e.  ideally  suited  for  second  order  problems.  This  is  not  crucial  and  similar 

restilts  can  also  be  obtained,  e.g. ,  for  the  norms  (/^M-^M^dy  +  /^|  |^dy)^^^ 

-1  -1 

Introduced  in  [13],  (A  here  denotes  a  strictly  positive  definite  (unbounded) 
operator  in  a  Hilbert  space  H  ,  and  u  is  a  function  with  values  in  H  .) 

For  reasons  of  convenience  the  approximation  results  are  formulated  without 
any  boundary  conditions.  Various  types  of  fixed  boundary  conditions  can  immediate¬ 
ly  be  Included  based  on  the  present  proofs. 

Estimates  of  the  error  Introduced  by  dimensional  reduction,  as  N  goes  to  », 
do  exist  in  the  literature  (cf.  [5,7]).  The  problems  considered  in  those  two 
papers  come  from  structural  mechanics.  The  elliptic  operators  have  constant 
coefficients,  i.e.  the  are  polynomials.  The  results  are  not  nearly  as 

strong  as  the  ones  established  here.  In  [7]  the  estimates  are  based  on  the  degree 
of  regularity  in  C  -spaces;  this  is  not  very  well  suited  to  the  regularity  pro¬ 
perties  of  solutions  to  elliptic  boundary  value  problems,  and  therefore  gives 
crude  estimates.  The  estimates  in  [5]  are  based  on  bounding  the  remainder  in  the 
N-th  order  Taylor  expansion.  The  estimates  are  very  crude  and  do  not  give  any 
indication  of  the  rate  of  approximation. 

We  now  give  a  short  review  of  the  contents  of  this  paper.  In  section  2  it 
00 

is  shown  that  the  set  U  M(P^)  (W  denotes  the  nullspace)  is  dense  in  for 

any  second  order  operator  P  ■■  b  a  ^  ,  where  both  a  and  b  are  bounded  from 
above  and  away  from  0  .  This  is  the  obvious  generalization  of  the  fact  that  the 

polynomials  are  dense  in  ,  and  it  also  justifies  the  claim  that  the  dimensionally 
reduced  solutions  introduced  in  [13]  will  get  arbitrarily  close  to  the  true  solu¬ 
tion.  In  section  3  the  rate  of  approximation  using  functions  in  W(P^),  N  ^  1  , 
is  linked  to  the  regularity  of  u  in  spaces  of  the  type  P(P™)  .  This  general 
result  though  is  not  always  optimal,  as  shown,  e.g.,  by  Theorem  4.1.  Section  4 


3 


is  devoted  to  giving  a  necessary  and  sufficient  condition  for  a  certain  rate  of 
approximation  by  polynomials  (i.e. ,  the  case  where  the  operator  P  is  a  constant- 
coefficient  operator) .  In  section  5  this  is  carried  over  to  results  in  several 
dimensions  —  directly  relating  to  the  concept  of  dimensional  reduction.  The  exam¬ 
ple  treated  in  section  6  is  of  the  same  type  as  the  numerical  examples  in  [13]. 
Finally  the  appendix  contains  the  proofs  of  several  results  about  the  eigenvalues 
and  eigenfunctions  for  two-point  boundary  value  problems,  as  used  in  sections  2 
and  3. 

Note:  Unless  otherwise  stated,  all  constants  denoted  by  capital  letters 
are  generic. 


4 


2.  A  Density  Result 

Let  a  and  b  be  two  functions  in  such  that  ^  constants 

a  ,  b  with 
o  o 


0  <  a^  £  a(y) 

By  F  we  denote  the  differential  operator 


dy  ^  dy 

P  is  considered  as  a  mapping  L^([-l,l3)  3  P(P)  L^([-l,l])  .  N(P^)  denotes 

the  null-space  of  the  operator  P  for  any  integer  k  ^  1  .  It  is  easily  seen 
k  1 

that  W(P  )  C  H  ([-1,1])  .  The  first  theorem  in  this  section  proves  the  density 
of  a  certain  class  of  functions  associated  with  the  operator  P  . 


Theorem  2.1 


U  W(P^)  is  dense  in  H^([-l,l]) 
k-1 


Proof 

-  y  ^ 

By  a  change  of  variables,  y'  =  j  ds 

-1 


operator  P  transforms  into 


and  multiplication  by  -1  the 


d  £  ^ 
dy '  b  dy ' 


We  can  therefore  for  the  proof  of  this  theorem  assume  that  P 

-  4—  a(y)  where  a  satisfies:  3  a  constant  a  with  0  < 
dy  dy  ^  o 

Define  the  operator  Q  by 

P(Q)  -  P(P)  nH^([-l,l])  and  Q-P  on  P(Q)  .  Let  f^ 


is  given  by 

%  ia(y)  • 


denote  the  function 


5 


£o(y) 


l^>  «  *'«■> 

-1 


and  define  the  sequence 


fay 


=  q"^  fQ  €  NCP^"^^)  . 


.  .f.X^^  ^uri-l  '  *  eigenvalues  of  Q  (repeated 

OO 

according  to  multiplicity).  Let  orthonormal  basis  of  eigenfunctions, 

u^  corresponding  to  X^.  f^  can  then  be  expanded  as 


f 


0 


00 


I 


a  u 
m  m 


» 


and  with  this  notation 


f 


i 


io=*0 


a 

m  m 


u 

m 


We  now  proceed  to  prove  that  any  eigenfunction  u^  can  be  approximated  from 

within  (j  A/(P  )  .  The  proof  is  by  induction  in  m  ,  and  we  start  with  m  ■  0  . 
k-1 

For  any  i  ^  1  we  have  that 


1  l“o  '  ^0  ^il  l\  - 

H 


/  \2 

/  \2i-l  /  « V 

(V*ij  i  ^(V-o) 

.21-1 


I  . 

I-l  ^ 
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where  we  have  used  Lemma  A. 3  to  guarantee  that  0  .  Since  ^  <  “ 

j=l  ^ 

and,  by  Lemma  A.l,  X^/X^  <  1  this  shows  that 


-1  4=  ^ 

“O  ^O^i  "  '^0 

u  €  u 

k-1 


as  1  ,  in  H^(C-l,i:)  , 


-  denotes  the  closure  in  H  )  . 

Now  asstune  it  has  been  proven  for  some  m  >  1  that 


{u  C  W(P^) 

^  j  j"0  -  k-1  ''  ■' 


From  Lemma  A. 3  we  know  that  a  0  ,  and  hence  for  any  i  >  1 

m  — 


00  ^ 

u-a^X^f.  -x.-T  /  a  /«  \(x  /X  V  u. 
m  m  m  i  m,i  ^  i  mj\^m  if  j 


where  x 


:  .  *~y  ^0‘4/aWx/xAu  €  U  W(p^ 
m,i  j-0  V  J  \  “  J/  J 


due  to  the  Induction  hypothesis.  As  before  the  H  -  norm  of  the  sum 


can  be  estimated  by 


(^-.J(vw)“‘"  (I,  •;) 


Because  of  the  facts  that 


(.L 


j-m+1 


<  »  and,  by  Lemma  A.l,  X/X.,  <1 

m  m+i 


this  shows  that 


x.+aXf.  -►u  as 
m,  1  m  m  1  m 


i  ->■  00  , 


in  H-^([-l,l])  ,  i.e. 


K>T-oSUW(pS 

^  k*l 


This  finishes  the  induction  proof,  and  we  conclude  that 


{u  }"  C  0  W(P^) 
^  ^  k=l 


From  the  definition  of  Q  it  immediately  follows  that 


=  H^(t-l,l]) 


.  -  00  1/2 
and  since  lu^  j  j,,Q  is  complete  in  VCQ  )  this  proves  that 


H^([-l,l])  E  U  W(P^) 
k-1 

Now  if  u€H^([-l,l])  we  shall,  by  choosing  c  -  u(-l)  and  d  = 
1  , 

(u(l)-u(-l))//  a  ■‘^(s)ds  ,  obtain  that 
-1 


u  -  c  -  dfg  €  H-^([-l,l]) 

Since  1,  f q  €  N(P)  we  see  by  a  combination  of  this  and  the  previously 
proven  inclusion  that 


H^([-l,l])  -  U  N(P^) 
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Based  on  Theorem  2.1  we  can  easily  prove  a  result  concerning  the  dimensionally 
reduced  solutions  as  introduced  in  [13].  This  result  guarantees  the  fulfilment 
of  the  goal  stating  that  the  dimensionally  reduced  solutions  shall  be  able  to  get 
arbitrarily  close  to  the  true  solution. 

Let  u)  denote  a  domain  in  1R”  with  a  Lipschitz  boundary. 

Theorem  2 . 2 

The  set 


w  11^ 

^  I  (x)'l-  (y)  IJ  ^  IN,v,  £H  (to)  and  q .  6  U  W(P  )  for  0  _<  j  _<  J  } 

j*0  J  ^  J  J 

is  dense  in  x  [-1,1])  . 

Proof 

Follows  immediately  from  Theorem  2.1  and  the  fact  that 

J  1  1 

^  I  V.  (x)w,  (y)  (j  €  lH,v,  €!!■*■  ((d)  and  w.€h  ([-1,1])  for  0  £  j  £  J  } 

j«0  ^  J  ^  ^ 

is  dense  in  H^((d  x  [-1,1])  . 

a 
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3.  Estimates  of  the  Rate  of  Approximation 

In  the  previous  section  we  proved  the  density  of  a  certain  class  of  functions 

In  this  section  we  shall  prove 
some  results  concerning  the  rate  of  approximation.  The  first  theorem  is  the 
following. 


associated  with  the  operator  P  =  b  a  . 


Theorem  3.1 

2 

Assume  that  a,b€C  ([-1,1])  ,  and  let  m  be  an  integer  ^  0  .  For  any 

e  >  0  there  exists  a  constant  C  such  that 

e 


inf 

v€W(P^) 


1?(P“) 


Vn  >  1 


Note.  I  I*  II  ™  denotes  the  norm  i  I '  I  I  o 

-  l?(P®) 

One  can  of  course  combine  the  statement  in  Theorem  3.1  with  interpolation  by  the 

K-method  (cf.  [4]).  This  way  it  follows,  that  if  u€(L^;P(P™))  for  some 

s 

0  <  s  <  1  ,  then  for  an]/^  c  >  0 


inf 


u-v 


N, 


T  <  C  N 
,  2  —  E 


-ms+e 


V  €  W(P  ) 


(L^,P(P“)) 


S,“> 


2 

The  smoothness  requirement  that  a,b€C  ([-1,1])  is  not  necessary;  as  it 

2 

immediately  will  follow  from  this  proof  we  only  need  that  a/b  is  a  C  -function. 
This  last  remark  applies  to  all  of  the  results  in  this  section. 


In  order  to  prove  Theorem  3.1  we  need  an  auxiliary  result  concerning  uniform 
approximation  by  polynomials.  This  result  can  be  found,  e.g.,  in  chapter  6  of  [6]. 
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Lemma  3.1 

Let  (p  be  a  function  in  C^([c,d]).  Define  ^  by  $(t)  =  cost  +  . 


t  €  [O.tt]. 


Let  r  be  a  non-negative  integer.  There  exists  a  constant  such  that  for 


any  <(»  with  |€C^([0,ir])  the  following  estimate  holds 


infU-Pj^lgl  Cj.(N+l)~’'|^|^  \/n>0 

PxT 


The  inf inum  here  is  taken  over  all  polynomials  of  degree  £  N  .  I ' I q 

I  0  r 

and  (‘j^  denote  the  norms  in  C  ([c,d])  and  C  ([o,tt])  respectively. 

We  now  continue  with 
Proof  of  Theorem  3.1 

Like  in  the  proof  of  Theorem  2.1  we  may  also  here  assume  that  P  is  given  by 

P  =  -  ^  a(y)  ^  .  Let  f^  i  ^  0  be  defined  as  in  that  same  proof.  For  any  set 

N 

of  coefficients  have,  using  Lemma  A. 3,  that 


Li  ***  i 

u-  I  '^1^1=  I  ^  ’ 

i-0  ^,0  ^  J  ^  i-0  J  ^ 


00 

where  ^  bhe  expansion  corresponding  to  u  .  If  by  p 

j=0  ^  ^  N  ^ 

^  r  i. 

polynomial  P«(x)  *  I  c.x  ,  then  the  above  can  be  rewritten  as 
”  i=0  ^ 


If  by  p„  we  denote  the 
N 


"  ■  Jo  ■  Jo 


and  this  leads  to  the  equality 


|u  -  i  cf^j|^2“  I 

i-0  ^  L  j-0  ^  ^  ^ 
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As  In  the  proof  of  Theorem  2.1  Q  denotes  the  restriction  of  P  to 
P(P)  n  H^([-l,l])  .  Let  us  now  for  a  while  assume  that  u€P(Q^)  . 

Choose  A  so  that  }j_qC[0,A]  .  Define  a  sequence  of  functions 

€C*([0,A])  ,  1  £  M,  with  the  following  properties 

-  Sj/aj  0<J<M-1 

=0  on  [O.Xjj^] 

Let  4  denote  the  mapping 

'Kt)  ■  j  (1-cost):  [0,tt]  -*•  [0,A]  , 

it  then  follows  from  Lemma  A.l  and  Lemma  A. 2  that 

-  <t"^(x"^)|  >  C/j^  for  any  j  >  1  . 

This  estimate  tells  us  that  it  is  possible  to  construct  the  'J’jj's  such  that 

Vm,  j  ^  1 


Now  since  u€0(Q^)  we  know  that  |6j|  £  Cj^(j+1)  |q^u|  |  ^  » 

la 

this  with  Lemma  A. 4  we  get 


-2k+l|  i^k. 


Q  u 


and  combining 


i.e.,  we  have  for  any  r  ^  k  and  M  ^  1 


1  1^  <  Iq’^uI  1  2 

Xj 

Because  of  Lemma  3.1  we  can  now,  for  any  r  ^  k  ,  M  ^  1  ,  find 
of  degree  £  N  such  that 


I  V^n'o  -  Iq’^uI  1  2 

L 

We  now  go  back  to  estimate  the  right  hand  side  of  (1) 

00  M-1  „ 

I  c.‘(0  /a  -pJJaTb)^  <  I  -p!J)(A:^))2  +  2  I  6^  + 

j»0  J  J  J  ”  J  j=0  ^  n  JN  j  3 

00 

+  2  I  a;((4>  -pjjxx:^)^ 

j=M  J  ^ 

The  first  and  the  third  sum  can  be  estimated  by 

(N+1) -2 V  ^  afj  1  I  Q^u  I  I  ^2  ^ 

<  C  iQ^ul  1^  , 

L 

the  second  by 


C 


k 


j-M  L 


polynomial 
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In  summary  we  have  therefore  proven 


N 


11“  -  I  Vi  I  I  2  -  M' 

i=0  ^  L 


-2r„4(r-k)+2  j  j^k^j  j2 

ir 


for  any  r  ^  k  ,  N  ^  0  and  M  ^  1  .  Taking  M  =  [t^]  +  1  ([•  ]  denotes  the 
integer  part)  this  estimate  gives 


(2) 


|u-  I  c  f  (1^  <  C  (N+l)’^’''*‘^llQ^u||^  . 

i=0  i  T  K  Z 


I'i 

L 


k  2 

all  provided  that  u€I?(Q  )  .  Let  denote  the  L  -projection  onto  linear 

combinations  of  the  functions  f^ . . . ,  f^  . 

(2)  expresses  that 


|u-njju|  1  2  1  Cj^(N+l)‘’"'^^^^l  Iq^'uI  I  2  , 

L  Ij 


at  the  same  time  It  is  clear  that 


1  l“”Vl  I  2  -  1  I“1  I  2 

L  L 

Applying  interpolation  by  the  K-method  we  get  for  any  0  £  m  k 


-(k-l/2)f 

I  h-Vl  I  2  -  IIquMz 

L  li 

Now  let  m  be  fixed  and  k  -►  ®  ,  from  the  previous  inequality  we  then  get 


Ve  >  0  3  C, 


such  that 


15 


Based  on  Theorem  3.1  we  can  prove  the  following  result  concerning  approximation  In 
the  H  -norm. 


Theorem  3.2 

2 

Assume  that  a,b€C  ([-1,1])  ,  and  let  m  be  an  Integer  ^  1  .  For  any 

e  >  0  there  exists  a  constant  C  such  that 

e 


Inf 

v€N(P^) 


u-v 


H 


1  <  c 
1  —  e 


N 


-nri-l+e 


llul 


Vn  >  1 


Proof 

'\j  N 

From  Theorem  3.1  It  follows  that  there  exist  Vjj€W(P  )  such  that 


„-iiri-l+e 

N 


Now  choose  v„€W(P^^)  with  Pv„  ■  v„  ,  and  such  that  v„  =  u  for  y  ■  +  1  . 

N  N  N  N  — 

It  then  follows  that 


I  u-v,. 


j  <  Cl  |Pu-PVjjl 


cliPu-v 


N’ 


,  <  C 
2  -  E 


N 


-nri-l+e 


u 


P(P”) 


□ 

We  can  also  easily  prove  a  result  relating  to  the  dimensionally  reduced  solu¬ 
tions  as  Introduced  In  [13].  Let  uciR^  be  a  domain  with  a  Llpschltz  boundary. 

X  ■  (Xj^,...,x^)  denotes  coordinates  in  w  and  y  ranges  over  [-1,1].  P  denotes 

"iy  "ip  considered  as  an  operator  L^(wx  [-1.1]  -*•  L^(u  x  [-1,1])  . 
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Theorem  3.3 

2 

Assume  that  a,b€C  ([-1,1])  and  let  m  be  an  integer  ^1  .  Let  u  be 

an  element  of  L  (oj  x  [-1,1])  with  u,...,  u  ,  u€I?(p“)  .  Then  for  any 

*1  n 

e  >  0  there  exist  (independent  of  u  )  such  that 


inf 

v€V. 


u-v 


N 


H  (to  X  [-1,1]) 


<  j  ||X 


V  ^  ‘ 

\i=l 


Here  V, 


N 

’  denotes  the  set  {  I  w  (x)(ji  (y)  |w.  €H^(u)},  where  is  a  basis 

j*0  J  J  J  J  j=u 


for  N(P^)  C  . 


Proof 


Let  Vjj  denote  the 


N 

orthogonal  projection  of  Pu  onto  (  I  w.  (x)i^.  (y)  (w.€l.^(u) } 

j=0  J  J  J 


in  the  L  (u)  X  [-1,1])  inner  product.  Then  it  is  clear  that  is  the  L^ 

9Xj 

projection  of  ^  u  onto  the  same  subspace.  From  Theorem  3.1  we  immediately  get 


I  1  |P  ■3|-(u-v*)  I  I 

i-1  '’^i  ”  L^(a)  X  [-1,1]) 


+  I  |?^(u-v*)  II  < 

L^(a)x  [-1,1]) 


<  C^(N+1)-"^1+^ 


P(?<“) 


for  any  function  with  Pv*  »  v^j  (if  N  is  odd  such  a  v*  will  be 

contained  in  »  ^ut  this  is  not  necessarily  so  for  N  even) .  Now  choosing 

so  that  also  v*  *  u  for  y  ■  +  1  (this  is  obviously  possible),  it  follows 


that 
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4.  The  Constant  Coefficient  Case  -  1  Dimensional  Results 

The  following  two  sections  are  devoted  to  the  case  where  the  operator  P 

has  constant  coefficients.  In  the  previous  section  we  estimated  the  rate  of 

approximation  for  general  P's  ,  but  the  estimates  established  there  do  not  have 

exact  Inverse  counterparts  nor  are  they  always  optimal.  As  will  be  shown  In  this 

section  and  the  next,  the  question  of  approximation  rate  can  be  much  further 

clarified  when  P  Is  a  constant  coefficient  operator.  We  start  with  an  analysis 

of  the  1  dimensional  problem.  The  space  W(P  )  ,  k  ^  1  ,  consists  simply  of  all 

polynomials  of  degree  ^  2k-l  .  Theorem  3.1  combined  with  Interpolation  says 

that  If  u€H^([-l,l])  ,  then  there  exist  polynomials  p^^  ,  of  degree  N  ,  such 

that  ||u-p„|l  o  <  C  (N+1)  .  Under  the  present  simplified  circumstances 

N '  '  z  —  e 

la 

we  can  prove  a  better  result.  In  the  formulation  of  this  result  we  use  the  Besov 
spaces  b5  ,  t  >  0  ,  (cf.  [4])  ,  Instead  of  the  ordinary  Sobolev  spaces  . 
For  an  Interpretation  In  terms  of  the  spaces  H*"  use  the  Inclusions  C  b!^  C 
valid  for  any  t  >  0  ,  e  >  0  . 

Theorem  4.1 

Let  t  be  a  given  positive  number.  There  exists  a  constant 
for  any  uCB^  „([-1,1])  one  can  find  a  sequence  of  polynomials 
degree  of  Pjj  £  N  ,  with 

L  ^2,-> 

Note.  A  similar  theorem  Is  also  valid  for  the  H^-norm.  The  estimate  here 


such  that 


u-p 


N' 


,1^ 


Cj.(I«-l) 


-t+1 


lu 


'2.C 


becomes  (for  t  >  1) 


The  rate  of  approximation  established  In  Theorem  4.1  Is  optimal  In  the 
following  sense. 

Theorem  4,2 
2 

If  u€L  ([-1,1])  and  there  exist  a  constant  C  and  a  sequence  of  poly- 

Oft 

nomlals  degree  of  Pjj  1.  N  ,  such  that 

I  I  2  —  C(N+1)  *■  for  some  t  >  0  , 

L 

then  . 

Note.  Theorem  4.2  Is  not  an  exact  Inverse  of  Theorem  4.1  since  It  only 
t/2 

guarantees  that  u€B,  ([-1,1])  .  But  based  on  Theorem  4.2  we  conclude  that 
for  a  general  type  function  In  b5  _([-!, 1])  we  cannot  expect  more  than  an  approxl 
matlon  rate  of  (N+1)  ^  . 

Theorem  4.2  Is  optimal  In  that  one  can  find  u  such  that  |  |u-Pj^l  1  £  C^(IH-l) 
and  u^B2^^  ^  ,  u  ^(B^"*"^) for  any  e  >  0  (cf.  [12])  . 

The  proof  of  Theorem  4.1  Is  very  simple,  based  on  transforming  u  Into  a 
periodic  function  and  estimating  the  remainder  of  the  k'th  order  Fourier  expansion 
Details  can  be  found,  e.g..  In  [2]. 

The  proof  of  Theorem  4.2  Is  not  quite  as  simple.  The  cornerstone  Is  the 
so-called  Bernsteins  Inequality 


valid  for  any  polynomial  of  degree  .  For  more  details  see  [2]  or  [10]. 

As  already  noted  Theorem  4.2,  although  optimal.  Is  not  an  exact  Inverse  of 
Theorem  4.1.  This  can  be  taken  as  evidence  that  the  standard  Sobolev  or  Besov 


spaces  are  not  very  good  for  expressing  the  kind  of  regularity  needed  for  a 


certain  rate  of  approximation  by  pol5momlals.  They  do  not  take  into  account  the 
well  known  fact,  already  noted  by  Tlman  (cf.  [9]),  that  the  pol3momials  have  a 


certain  ability  to  absorb  singularities  at  the  end  points  of  an  interval. 


d  2d 

Let  L  denote  the  operator  -  (1-y  )  with  domain  of  definition 


P(L)  -  {u€L^([-l,l])  1  Lu€L^([-l,l])} 


Now  Introduce  the  Besov  spaces  t  >  0  ,  by 


S 

where  p,q  are  two  Integers  with  0  ^  p  <  t  <  q  and  0  <  s  <  1  is  selected  so 
that  p(l-s)  +  qs  =  t  .  Because  of  Theorem  14.1  in  [8],  which  says  that 

a  9  “  ,  and  the  reiteration  theorem  on  p.50  of  [4] 

it  follows  that  modulo  equivalent  norms  H*"  is  independent  of  the  choice  of  p 
and  q  . 

We  are  now  in  a  position  to  characterize  completely  the  regularity  needed 
for  a  certain  order  of  approximation  by  pol3niomials . 

Theorem  4 . 3 

Let  t  be  a  positive  number.  For  any  u€H^  we  can  find  a  sequence  of 
00 

polynomials  degree  of  Pjj  £  N  ,  such  that 

I  1'^"Pn1  I  2  -  kl  1 

L  H 

2 

On  the  other  hand  if  u€L  ([-1,1])  and  there  exists  a  constant  and  a 

00 

sequence  of  polynomials  ^Pfj^N-O  *  degree  of  Pjj  ^  N  ,  such  that 
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1  U-PnI  1  2  -- 
x« 

then  u€H^  and 


l|u||  t  lC(C^+||u|l  2) 

H  L 

for  some  constant  C  independent  of  u  . 

Note.  here  is  not  generic,  it  is  the  same  constant  in  the  two  inequalities. 

Proof 

We  start  by  proving  the  direct  part.  It  is  well  known  that  the  eigenfunctions 
of  L  are  the  Legendre  polynomials 


L(£^)  »  k(lc4-l)£^^ 


Let  now  u  be  an  element  of  V(L^)  and  let  ^  a  be  the  Legendre  series 


for  u  .  Since  uCV(L^)  we  know  that  T  a^m^  <  |  ju)  1^ 

_ r.  m  n 


N 

I  at  ,  then 
^  m  m 
m-O 


m"0 


P(LP) 


Define  p 


N 


|u-PhI 


IIP*1H-1 


a2  < 
m  — 


(N+1) 


-4p 


m"IH-l 


2  4p 
a  m 
m 


<  (N+1) 


-4p| 


1^ 

ViiF) 


i.e.,  ||u-p  II  2  1  1^1  I  D 

”  L^  P(LP) 

Interpolation  applied  to  this  gives  the  desired  result. 

We  now  turn  to  the  inverse.  Assume  that  there  exists  polynomials  pj^  of 
degree  ^  N  such  that 


r 
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lu-Pj,ll  2l  VN+1) 

Lt 


-2t 


Define  -P  ,  m>l. 

o  I’m  2™  2®“^  ~ 


Then 


1  1  2  -  I  l“l  1  2 

L  L 


\WJ  \  oil  |u-P  -11  O  +  1  lu-P  ^  J  1  .  <  C.-C  2  m  >  1 


,-2tm 


2®-!' “ 


2 

Since  1  Kp_  1  1  o  1  MPn  1  1  7  any  polynomial  n  of  degree  £  n  ,  it  follows 
n  L  L  “ 

from  above  that  for  any  non-negative  integer  q 


I  I  2  -  ■*■  M“N  2^ 

Xi  L 


11  -  <  G  -C.-C  m  >  1 

II  m''2—  qtu  — 


Now  define  v,  =  7  -t  .  We  then  get 

k  m  * 

m»0 


iC  Hull  2  +  C„  I 

T  nj.j_ 


^  22(‘l-t)k(c.  +  Hull  ,) 

q  ,  L 


"  "  "1,2 


provided  q  >  t  .  At  the  same  time 


lu-Vkll^2  =  ll'^“P2kllL2  -  V 


By  defining  =  2  ^  we  therefore 


2  +  “fcll'kll  )i'=,.t(‘=u+  ll“ll  2)  . 

L  ^  ^  t  Q  K*  L  ' 


o(L‘^y 


and  since  s.  0  for  k  ->  ®  this  proves  that 


lull  .  1C  (C  +  Mull  2) 

q,t  u 


This  theorem  also  allows  a  version  formulated  by  using  the  spaces  V(L^) 
instead  of  the  corresponding  Besov  spaces.  It  is  derived  from  the  inclusions 
V(L^)  I7(L^  valid  for  any  t  >  0  ,  e  >  0  . 

A  theorem  similar  to  Theorem  4.3  but  concerning  approximation  in  the 
norm  can  be  derived  immediately  based  on  Theorem  4.3. 

For  practical  purposes,  in  determining  the  rate  of  approximation,  the 
following  characterization  of  V(L^)  (cf.  [3J)  will  often  be  convenient: 


P(l‘’)  -  {u€l2([-1,1])1u€h'’([-1,1])  ,  (l-y2)‘^u€H^‘^([-l,l])} 
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Let  us  now  give  one  simple  example  that  shows  how  a  result  similar  to 
Theorem  4.3  can  be  established  also  in  a  case  with  non-constant  coefficient. 


Example  4.1 

Let  P  denote  the  operator  ^  ^  ^  »  where  the  function  a  is 

given  by 


a(y)  = 


for  y  ^  0 
for  y  <  0 


with  a^  and  a^  being  two  positive  constants.  (This  is  the  operator  arising 
in  the  numerical  examples  of  [13].) 

It  is  not  difficult  to  see  that  the  following  set  of  functions  is  a  basis 
for  N(P^) ; 


^2k 


^0  =  ^ 

■^21^-1  ’  ‘’’2k+l  a(y) 

-1  -1 


1  <  k  <  N-1 


Here  denotes  the  Legendre  polynomial  or  order  k  .  Performing  the 

Gram-Schmidt  orthogonalization  on  the  set  i||q,  •  •  •  »')>2n-2 ’'^2N-1 

sequence),  in  the  inner-product  <u,v>  =  u(y)v(y)a(y)dy  ,  we  end  up  with 

a  new  set  of  functions  i|^q,  •  •  •  *'['2^-2’  '^2N-1  '  ^  piecewise  polynomial 

of  degree  k  .  Let  denote  the  operator  -a  "‘’(y)  a(y)(l-y^)  ^  >  it  is 

then  clear  that 


a'^2k 


j 


k 

^  k 
-0  ^ 


^2j 


0  <  k  <  N-1 
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^a'*'2k-l  *  ^j,k  '^2j-l  1  1  k  1  N 


Now  we  have  because  of  the  orthogonality  of  the  and  the  fact  that 


is  self-adjoint  in  L  ( [-1,1] .a(y)dy) 


“  ^4’Vj^a  =  °  for  j  <  k 


l.e. , 


^a\  “  W  ^ 


It  immediately  follows  that  =  k(k+l)  . 

It  also  follows,  since  is  dense  in  L  ([-1,1])  ,  that 

is  a  complete  set  of  eigenvalues  and  eigenfunctions  for  . 

As  in  the  proof  of  Theorem  4.3  we  now  get  that 


inf 

v€N(P^) 


1  CN 


-2t 


u€(val);  val))^ 

o  a  S  « 


for  any  0  £  p  <  t  <  q  ,  and  0  <  s  <  1  chosen  such  that  t  =  p(l-s)  +  qs  . 

In  summary,  we  have  found  a  singular  operator  L  that  characterizes  the  rate 

a 

N 

of  approximation  with  functions  in  N(P  )  the  same  way  that  the  Legendre 
operator  does  with  polynomials. 
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5.  The  Constant  Coefficient  Case  -  Dimensions  Higher  Than  1 

In  this  section  we  prove  a  result  relating  to  the  dimensionally  reduced 

solutions  Introduced  In  [13].  We  give  a  characterization  of  the  regularity 

needed  for  a  certain  rate  of  approximation.  The  approximating  functions  are 

of  the  form  ^  w.  (x)p,(y)  where  w.  (id)  and  p  Is  a  polynomial  of 
J  J  J  J 

degree  j  ,  l.e.,  the  operator  P  has  constant  coefficients.  u  as  before 
denotes  a  domain  In  1r”  with  a  Llpschltz  boundary  and  y  ranges  over  [-1,1]. 

In  the  proof  of  the  main  result  In  this  section  the  following  lemma  will 
be  very  useful. 

Lemma  5.1 

Let  ^  Hq  be  two  Banach  spaces  with  norms  |  |'  1  and  |  |*  |  Iq  respec¬ 
tively. 

r  '1^ 

Let  Increasing  sequence  of  subspaces  of  and  let  6  be 

a  positive  number.  We  assume  that  the  following  Implication  holds 

u€H_  and  Inf  Mu-qjL^C  (N+1)"®  ,  Vn  >  0 
u€Hj^  and  [  (u|  ( <.  C(C^  +  |  |u |  ( q) 

for  some  C  Independent  of  u.  (C^  here  Is  not  generic,  It  Is  the  same  con¬ 
stant  In  the  two  Inequalities.) 

As  a  result  of  this  It  follows  that  for  any  0  <  9  <  1 

u€Hq  and  Inf  l|u-ql|Q<  C  (N+l)“®®  ,  VN  >  0 
qevj, 

IWl9,oolC(C^+  IIuIIq) 
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for  some  C  Independent  of  u  .  (As  before  Is  not  generic.) 

Proof 

Let  0  <  9  <  1  and  assume  that  there  exists  a  sequence  of  elements 
qjj  N  ^  0  ,  such  that 


Define 


I  Iq  1 


-ee 


^0  “  'll 


^.“q  -q  ,  m>l  , 

m  ^2™  2™“^  ~ 


then 


I"  -  ^  '‘mllo  -  i'=„  2 

m»0  2 


-kee 


At  the  same  time 


KqI  Iq  -  ^u  '  1“'  Iq 


K.l  lo  i  I  lo  ^  I  I  i  S.b'u  i  ^ 


That  Is,  A  €V  m  >  1  ,  and 

m  2™  ~ 


2 


From  the  first  Implication  In  the  statement  of  this  theorem  It  follows  that 


We  therefore  get 


kB(l-9) 


*xCP 

If  we  define  Sj^  =  2  the  following  inequality  now  holds 


‘"''■Jo  IIuIIq) 


Since  s,  -*■  0  for  k  -»•  “>  this  proves  that 


lulls,.  iS.6«u+  ll"llo> 


Let  us  Introduce  the  spaces 


r  -  {u€P(L^)1-^^u€P(L^  i  -  1 . n}  . 

3  2  3  ? 

L  here  denotes  -  -g^  (1-y  )  considered  as  an  operator  L  (o)  x  [-1,1])  3 

2 

V(L)  ■*  L  (o)  X  [-1,1])  ,  and  R  is  a  non-negative  integer. 

N 

Vj^  denotes  the  space  {  ^  w  (x)p,  (y)  jw,  €!!■*■  (w) }  where  p  is  a  poly- 

j«0  J  J  J  J 

nomlal  of  degree  j  ,  j  ^  0  .  We  are  then  able  to  give  the  following  character¬ 


ization  of  approximation  by  the  spaces  V„  in  the  H'*‘-norm. 

N 


I 


Theorem  5.1 


1  R 

Let  a  be  a  given  positive  number.  If  u€(H  (u)  x  [-1,1]);  for 

some  Integer  R  >  a  and  R  >  2a/e  ,  where  e  is  a  positive  number,  then  there 
exists  a  constant  C  such  that 

inf  [|u-q||  <  C0l+1)"^“'^^,  VN  >  0  . 

q€Vjj  H-^(aix  [-1,1]) 

On  the  other  hand  if  for  some  e  >  0  there  exist  a  constant  C  such  that 


then 


inf  I  I  u-q  I  1  1  C(I«-1)  ,  VN  ^  0  , 

qCVjj  H-^Cux  [-1,1]) 


u€  n 

R€m  ,R>a 


X  [-1,1])  ;/C^) 


a/R,‘ 


Before  we  procerd  with  the  proof  of  Theorem  5.1,  let  us  state  a  corollary 
that  immediately  follows  from  this  theorem. 

Modulo  e  this  is  the  equivalent  of  Theorem  4.3  in  more  than  one  dimen¬ 
sion. 


Corollary  5.1 

Let  a  be  a  given  positive  integer.  If  u€  0  (H^(w  x  [-1,1])  ;K^)  . 

R€]N  ,R>a 

then  for  any  e  >  0  there  exist  a  constant  such  that 


inf  ||u-ql|  .  £C  (N+l)"^®"^^  ,  N^O  . 

q€Vjj  x  [-1,1])  ^ 


On  the  other  hand  if  for  some  c  >  0  there  exists  a  constant  C  such  that 


-2a-e 


inf  I  lu-ql  ^  <  C(N+1)  .  VN  >  0 


u€  n  (H^(a)  X  [-l,l]);K^) 
R£IN,R>a  ' 


Proof  of  Theorem  5.1 

Assume  that  n€K  and  R  Is  an  integer  >  1  .  Let  denote  the 

orthogonal  projection  of  Lu  onto  {  J  w  (x)p .  (y)  |w.  €  L^(u))  }  in  the  L^(aj  x 

j=0  J  ^  5  J  2 

[-1,1])  inner  product.  Then  it  is  clear  that  is  the  L  projection 

'^3  ^ 

of  L  -T —  u  onto  the  same  subspace.  From  Theorem  4.3  we  immediately  get 


n  'V 


i=l  i  L  (o)  X  [-1,1])  L  (id  X  [-1,1]) 


<  C^N 


i=i  ®^i  v(Ln  van 


•V  ^ 

for  any  function  with  Lv*  *  Now  choosing  v*  so  that  also  /  v*(jc,y)dy 

.1  -1 

“J  u(x,y)dy  for  any  jcCw  (this  is  obviously  possible)  it  follows  that 


1  lax  1 1  2.  r  1  in  2,  r  1  in  I  2.  r  1  ns  - 

i*l  i  L  (id  X  [-1,1])  L  (w  X  [-1,1])  ^  L  (oj  x  [-1,1]) 


+  I  |l.(u-v*)  I  I  2  )  1 

1])  "  L^(a)  X  [-1,1])/ 


ul  I  '''R  +11^11  -w 

van  v(in 


,)  ■ 


j 
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Using  interpolation  on  this  result  we  get  that 


2  g 

inf  1  lu-qll  <  C  ^  I 

g€Vjj  X  [-1,1]) 


where  |  1  luj  1  ot>  denotes  the  norm  on  (H^Co)  x  [-l,l];K^)^^g^  .  Since 

2a./ 1  <R  ,  i.e.  2a/R  <  e  ,  the  direct  part  of  this  theorem  immediately  follows. 

Let  us  now  give  a  proof  of  the  second  part  of  the  theorem.  If 

_2„  Re 

inf  Iju-q  ]|  ,  £  CN  for  some  R  >  a  ,  then  as  in 

qCVjj  X  [-1.1]) 

the  proof  of  Theorem  4.3  it  easily  follows  that 


u€l?(L^)  and  ^  u€P(L®)  , 

i.e.  u€K^  .  If  we  apply  Lemma  5.1  with  =  H^(u  x  [-1,1])  and 

9  =  o/R  ,  we  then  get  that 


inf  l|u-q  II  <  C(N+1)‘^“'^ 

q€Vjj  H-^(a)  x  [-1,1]) 


implies 

u€(H^a)  X  [-1,1]);K\/j^„  , 


for  any  integer  R  >  o  ,  i.e. 


u€  n  (H^(a)  X  [-1,1])  ;K^)  ^ 

R€IN,R>a  * 


□ 


I  k 
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For  the  conclusion  of  this  section  let  us  give  a  simple  example  that  shows 
the  practical  usefulness  of  Theorem  5.1  (or  corollary  5.1). 

Example  5.1 

Let  oj  be  the  Interval  [0,1]  .  Let  y  be  a  positive  number  and  let 
(A., 6)  denote  polar  coordinates  around  the  point  (1,1).  We  then  consider  func¬ 
tions  of  the  type  u  “  A^((i(0)  ,  where  <j>  Is  an  element  of  c”([0,ir/2])  . 

It  Is  not  difficult  to  prove  that 

u€  n  (H^(ai  X  [-1,1])  ;K^)  , 

R€IN,R>t 

for  0  <  T  Y  »  and  that  for  a  general  choice  of  if  this  Is  not  so  for  any 
T  >  Y  (if  then  this  Is  not  so  for  any  ij)  and  t  >  y  except  ifi  =  0).  By 

an  application  of  corollary  5.1  we  therefore  get  that 

Inf  ||u-q||  1C  (N+l)"^'^''''^,  VN  1  0  , 

q  €Vj^  H-^(a)  X  [-1,1])  ^ 

for  any  e  >  0  ,  and  at  the  same  time  that  for  a  general  choice  of  <)i  (or  for 
any  0  In  the  case  y^UH)  there  exist  no  e  >0  and  such  that 

Inf  Mu-qil  j<  C  (N+l)"^'^"^,  VN  >  0  . 

q€Vj^  H'^((i)  X  [-1,1]) 

A  function  of  the  type  A.  (t(9)  Is  a  typical  example  of  a  corner-singularity 
as  arising  from  the  solution  of  an  elliptic  boundary  value  problem. 

Theorem  5.1  (or  corollary  5.1)  Is  thus  well  suited  to  predict  the  optimal 
order  of  convergence  (modulo  e  )  that  one  can  In  general  expect  by  dimensional 
reduction  of  elliptic  boundary  value  problems. 
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A  result  like  this  could  not  have  been  obtained  by  using  the  a-priorl 
knowledge  of  the  regularity  of  solutions  to  elliptic  boundary  value  problems 
In  terms  of  standard  Sobolev  spaces. 


i 
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6 .  A  Simple  Example  of  Dimensional  Reduction 
Let  us  consider  the  boundary  value  problem 


Au  ■  0 

in 

30,l[x]-l,l[ 

u  -  0 

for 

X  -  0,1 

3u  ,  . 

a;  ■ 

for 

y  -  +  1 

(n  Is  the  outward  normal) . 

From  [133  It  follows  that  the  optimal  choice  of  basis  functions  for  dlmen- 

o 

slonal  reduction  In  this  case  Is  the  polynomials.  denotes  the  set 

N  ,  ol 

{  I  w  (x)  p. (y)  Iw.t  H  ([0,1])}  ,  where  p  is  a  polynomial  of  degree  j  . 

j-0  J  J  J  J 


Let  u^  denote  the  projection  of  u  onto  V^j  in  the  inner  product 


1  1 
r 


0-1 


(di 

\3y  3y  3x  3x/ 


dydx 


It  is  clear  that 


inf 

o 


q 


€V 


N 


2 

H^([0,13x[-1,1]) 


_<  C  B(u-Ujj,u-Ujj)  £ 


<  C 


inf 

o 


q€V. 


N 


2 

H^([0,l]x[-l,l]) 


and  hence  that  the  energy  error  B(u-Ujj,  is  asymptotically  in  N  equivalent 

1  ® 

to  the  square  of  the  distance  (in  H  )  from  u  to  . 

If  g  has  the  Fourier  series 


g(x)  “  I  8t  sin  kTT 
k-1 


X 
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then  It  Immediately  follows  that  u  Is  given  by 


u(x,y) 


ce 


I 

k-l 


co3h(kTTy)  ^ 
slnh(kTr)  kir 


sin  kirx 


In  terms  of  regularity  of  u  It  Is  not  difficult  to  prove  that  this  formula  leads 
to  the  following  three  results: 


1)  Vct>0:  I  gj  k^“  <  «  <b^u€H^'^'^([0,l]x[-l,l]) 
k-l 


,3/2+a, 


11)  Vet  >  0:  I  gj  k^“  <  « 


k-l 


fue  n  (H^([0,l]x[-l.l]);<C^)./p  „ 

.  R€IN,R>e 

I 

I  with  0  =  0+  1/2 


111)  VaiO,  €>0:  n€  D  (H^([0.1]x[-l,l])  „ 

R€IN,R>0 

with  0-o  +  l/2  +  e. 


T  2  .  2a  ^ 
^  Z  gv  ^  ^ 


k-l 


We  consider  two  different  choices  for  g 


g(x)  -  Tr/4 
g(x)  -  x(x-l) 


For  the  first  choice  of  g  it  follows  that 


r  2  29 

/  g,  k  <  »  for  any  0  <  1/2  ,  and 
k-l 


m  00 


similarly  for  the  second  choice 


2  20 

I  g,  k  <00  for  any  0  <  5/2  ,  and 


k-1 


2  ,5 


I 


k=l 


Corollary  5.1  together  with  the  regularity  results  11)  and  111)  now 
ensure  that 

In  the  case  g(x)  *  ir/4 

B(u-Ujj,  will  converge  to  zero  faster  than  N  .ye  >  0  ,  but 

on  the  other  hand  slower  than  N  ^  ^ >  0 

In  the  case  g(x)  =«  x(x-l) 

B(u-Ujj,  will  converge  to  zero  faster  than  N  >  0  ,  but 

on  the  other  hand  slower  than  N  ^  jV  e  >  0 

Figures  1  and  2  show  the  actual  computed  values  of  B(u-Uj^,  u-u^^)  as  a 
function  of  N  in  the  two  different  cases.  Note  that  the  asymptotic  rate  of 
convergence  Is  obtained  already  for  a  fairly  small  number  of  polynomials. 

For  details  concerning  the  computation  of  the  see  [13]. 

Instead  of  using  Corollary  5.1  to  obtain  information  about  the  rate  of 
convergence  we  could  have  used  the  regularity  result  1)  and  a  2-dlmenslonal 
version  of  Theorem  4.1.  This  way  we  could  at  most  have  predicted  convergence 
of  the  order  of  N  and  N  respectively,  i.e.  only  half  the  actual 

convergence  rate. 

In  [13]  we  considered  the  same  boundary  value  problem  as  here,  only  It  was 
on  the  domain  C0,l]x[-h,h]  for  some  h  >  0  ,  and  not  on  [0,l]x[-l,l]  .  From 


the  computational  results  there  it  follows  that  for  a  fixed  N  ^  2  , 
h  li  2 

B(u-u^,  u-u  )  behaves  like  h^  ,  h  -►  0  ,  in  the  case  where  g(x)  *  ir/4 
«  N  N 

(  u^  is  the  projection  of  u  onto  {  ^  w.  (x)  P ,  (y/h)  |  H'‘'([o,lJ) }  )  . 

”  j-0  J  J  J 

Comparing  this  to  the  result  obtained  here  for  g(x)  >>  tt/A  it  is  seen  that  using 

N  polynomials,  y€C-l,lJ,  is  in  some  sense  equivalent  to  having  a  domain  of 
2 

thickness  1/N  .  A  similar  feature  has  been  noticed  by  comparison  of  the 

standard  h-version  of  the  F.E.M.  with  the  so-called  p-version  (cf.  [2]). 

In  this  example  we  used  slight  variations  of  the  approximation  results 
proved  in  sections  4  and  5,  namely  with  fixed  boundary  conditions  =0  at 
x  -  0,1  .  The  proofs  of  these  results  follow  immediately  from  the  proofs  of 
the  similar  results  with  no  boundary  conditions. 


In  sections  2  and  3,  we  used  some  results  concerning  the  eigenvalues  and 


eigenfunctions  of  the  boundary  value  problem 

d  d 

-  rr—  a  -r~  u  =  Xu 
dy  dy 

u(-l)  =  u(l)  =  0 

a  here  Is  a  function  In  L  ([-1,1])  such  that  3  a  constant  a  with 

o 

0  <  a^  £  a(y)  .  From  the  theory  of  Sturm-Llouvllle  systems  It  immediately 
follows  that  the  eigenvalues  (repeated  according  to  multiplicity)  form  a  sequence: 


0  <  X  <  X,  < 
o  —  1  — 


—  m  —  m+1 


with  +  <*>  as  the  only  limit  point. 

Lemma  A.l 

With  notation  as  above 


^  m  m'  , 

m  01 

l.e.  the  eigenvalues  are  all  simple. 

Proof 

Assume  that  for  some  m  m'  •  This  means  that  the  eigenvalue 

X  “  ^m'^  multiplicity  >  1  .  Let  u  and  u  be  two  linearly  Independent 

eigenvectors  corresponding  to  X  ,  and  let  v  ■  cu  +  du  be  a  nontrivial  linear 

(iv 

combination  with  the  property  that  a  ■  0  for  y  ■  -1  (such  one  obviously 


A-2 


exists) .  The  function  v  is  then  a  solution  to  the  initial-value  problem 


d  d  , 

-  3—  a  —  V  ■  Av 
dy  dy 


0 


in  [-1,1] 
for  y  -  -1 


and  because  of  the  uniqueness  of  solutions  to  this  problem,  it  follows  that 
V  >  0  .  Since  v  is  a  nontrivial  linear  combination  of  u  and  u  this  shows 
that  u  and  u  are  linearly  dependent.  We  therefore  have  arrived  at  a  contra¬ 
diction,  i.e.,  A  A  ,  for  m  m' 
m  m 

□ 

It  is  well  known  that  there  exist  constants  0  <  and  0  <  C2  such  that 
C, (m+1)^  <  A  <  C-(m+l)^  . 

By  imposing  an  extra  smoothness  requirement  on  a  we  can  obtain  a  much  more 
detailed  statement. 


Lemma  A. 2 

If  a  €  C^(C-1,1])  ,  then 

A„  -  .  (m+1)^  +  0(1) 

“  1 

r  -1/7 

where  ^  *  j  ^7 

-1 


A  proof  of  Lemma  A. 2  is  found  in  chapter  4  of  [11],  and  shall  not  be 
repeated  here. 

OO 

Let  {u  }  .  denote  a  sequence  of  normalized  eigenfunctions,  u  corres- 

m  m**u  m 

ponding  to  A^  .  Let  f^  be  given  as  in  section  2,  namely 


Lemna  A.  3 


The  function  £g  has  the  expansion 


00 


where  a  0  for  every  m  . 
m 


Proof 

That  fg  has  a  unique  expansion  Is  wellknown.  The  coefficient 
given  by 


1  y 

t  f  1 

“m '  J  J  1(1) 

-1  -1 


Now  assume  that  for  some  value  of  m«m  a  >0,1. e. 

o  m 

0 


1  y. 


-1  -1 


—7—.  ds  u  (y)dy  »  0 

a(s)  “o 


Since  u  (y) 
m 

o 


1  d  d 

-  —  —  a  -3—  u  we  get  that 

A  dy  dy  m 

m  ^  o 

o 


-1-1 


[37  “  d7  \]  ‘y)  “ 


Performing  an  Integration  by  parts  this  yields 


A-4 


and  the  last  integral  here  vanishes  due  to  the  fact  that  u  (1)  -  u  (-1)  -  0 

m  n 

o  o 

We  therefore  conclude  that 


d 

a  -r-  u  “  u 
dy  m  m 
o  o 


for  y  “  1 


On  the  other  hand  u  satisfies  the  differential  equation 

o 


d  d 

■r—  a  —  u  +  A  u  =0 
dy  dy  m  mm 
o  o  o 


in  [-l.lJ 


Because  of  uniqueness  of  solutions  to  the  initial-value  problem,  this  implies 

that  u  *  0  .  We  have  thus  arrived  at  a  contradiction,  meaning  that  a  0 
m  m 

o 

for  every  m  . 


□ 


Again,  by  imposing  an  extra  smoothness  requirement  on  a  ,  we  obtain  a 
very  detailed  result  concerning  the  decay-properties  of  the  “jjj's 

Lemma  A. 4 
2 

If  a€  C  ([-1,1]),  then  ^  constants  0  <  and  0  <  C2  such  that 


for  all  m 


Proof 

From  [11]  p.  176  we  get  the  following  asymptotic  formula  for 


0((iiri-l)"^) 


where  5(y)  ■  J  (a(s))  ds  and  1  »  5(1)  “  j  (a(s))  ds  .  The  function 


-1 


-1 


T  is  in  C  and  the  constants  D  satisfy 

m 


^  D  (Independent  of  m  )  such  that 


1/D  <  Id  <  D  for  all  m 

—  '  n'  — 


Also,  O(')  here  means  uniformly  In  y  .  Let  us  now  calculate  a 


m 


1  y 


m 


-1 


fo(y)  u^(y)dy  .  I  J  ^jds  u^(y)dy  = 


-1-1 


>-2s 


II  +  I2  +  0((m+l)  n 


denotes  the  Integral 


By  a  change  of  variables  from  y  to  5  and  an  integration  by  parts.  It 


Immediately  follows  that  I2  is  0((m+l)  ) 


Is  given  as 


1  /  X 


m 


dsj  (a(y))"^^^  sin 


-1  \-l 


dy 


By  a  change  of  variables  from  y  to  5  and  an  Integration  by  parts  we 


kp 


A-6 


I 


1 


1 

(m+l)Tr 


•(-1)“'^^  +  0((m+l)*2)  . 


This  Immediately  Implies  the  existence  of  two  constants  0  <  and  0  < 
such  that 


m+1 


for  m  sufficiently  large.  Now  combining  with  Lemma  A. 3  and  possibly  changing 
the  constants  and  C2  we  get  the  desired  result. 
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